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1. Introduction
Maintaining proper membrane humidity is one of the key
requirements for the polymer electrolyte membrane (PEM) fuel cell
to reach its optimum performance and to compete with the inter-
nal combustion engine as the future automotive power source [1].
Both membrane dehydration and flooding will cause poor fuel cell
performance, as well as degraded fuel cell life [2–5]. Since water
generation in a PEM fuel cell is a function of current demand, which
is affected by the vehicle driving condition, a separate device is
required to compensate for the humidity fluctuation of the PEM
fuel cell systems.

Many PEM fuel cell humidification systems have been studied
in the past. The most common ones are nozzle spray, gas bubbling,
enthalpy wheel [6], and membrane humidification. The nozzle
spray system involves atomizing coolant water that has left the
power production section of the fuel cell and spraying the droplets
uniformly onto a cloth or wire mesh for the reactant gases to go
through. The method is simple; however, sensitive to temperature
variation. If not preheated the amount of water absorbed by the
inlet air will be affected by its temperature. As the cold air enters
and reaches the operating temperature of the fuel cell stack, the
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relative humidity (RH) of the air will decrease, causing the fuel
cell performance to vary. The gas bubbling method passes reac-
tant gases through bottles of heated water. A considerable pressure
drop across the gas bubbling humidifier is inevitable [7]. To com-
pensate for the pressure drop, elevated inlet air pressure is required.

Therefore, the gas bubbling technique is usually only suitable for
small and low-pressure fuel cells. The enthalpy wheel method was
recently developed, with a rotating ceramic wheel as the medium
for both heat and humidity exchange. The inlet air humidification
and heating is achieved using the hot and humid exhaust gas from
the fuel cell itself. The humidity of the air is controlled by the rota-
tional speed of the wheel, or if needed by controlling the opening of
a bypass that determines how much of the exhaust gas is directed
toward the enthalpy wheel. While it may reduce the concerns of
added weight and parasitic loss, the enthalpy wheel method may
cause cross-flows and is less desirable to automakers because of its
complexity and potential maintenance cost.

Membrane humidifiers have been widely used for gas humidifi-
cation and are under intensive study for PEM fuel cell applications
[8]. The humidifier consists of a dry gas channel and a water or
humid gas channel, separated by a water permeable membrane.
While flowing, water vapor penetrates through the membrane from
the water/humid gas channel to the dry gas channel due to the rel-
ative humidity gradient across the membrane. As a result, the inlet
dry gas is humidified. The membrane humidifier can be designed to
recycle the energy generated by the fuel cell without using a rotat-
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ing part. There are no cross-flow concerns between the dry air and
water channels. Furthermore, the membrane humidifier does not
have the temperature and pressure drop associated with the nozzle
spray and gas bubbling systems. Therefore, it is considered the best
choice for PEM fuel cell humidity control [4].

A thermodynamic model of a membrane humidifier has recently
been developed to capture the crucial dynamics of membrane
humidification for PEM fuel cell humidity control [9]. Simulation
results have shown that a cathode humidifier is necessary to main-
tain a high water content of the fuel cell membrane, whereas an
anode humidifier is not needed. The performance of the humid-
ifier is affected by the inlet air and water conditions, such as
the flow rate, temperature and relative humidity. The thermody-
namic model can be used for steady-state humidifier sizing. More
importantly, it can be used to predict the transient behavior of the
membrane humidifier for control system design.

In this paper, we present an experimental study of the
membrane humidifier behavior and the validation of the thermo-
dynamic humidification model for PEM fuel cell humidity control.
Both steady-state and dynamic tests were conducted in controlled
experiments. The membrane vapor transfer rate was character-
ized at various operating conditions including air flow rate, water
channel temperature, air channel temperature, and water channel
pressure. Based on the test results, a membrane vapor transfer coef-
ficient was determined. With this coefficient, the predictions of the
thermodynamic model were validated for both the steady-state and

dynamic test results.

2. The membrane humidifier model

A schematic of the membrane humidifier in this study is shown
in Fig. 1 [9]. The membrane is sandwiched between two channel
plates with straight channels for water and air, respectively. The
backing layers are used to protect the thin membrane. Fuel cell
cooling water is used to humidify the dry inlet air. The dry inlet
air flows into one of the channel plates and the fuel cell cooling
water flows into the other. Heat and water vapor exchange across
the membrane. Only one unit of the humidifier is shown in the
figure. A number of such units can be stacked up depending on
the humidity requirement of the fuel cell. The entire humidifier is
insulated from the surrounding such that the heat and mass leaks
are minimized.

Fig. 2 shows the definition of the control volumes for the ther-
modynamic model. Control Volume 1 contains the dry air to be
humidified. Control Volume 2 contains the fuel cell cooling water
used as the humidity source. For Control Volume 1, the mass flow

Fig. 1. Humidifier structure.
Fig. 2. Control volumes of a single humidifier unit.

rate, pressure, temperature, and relative humidity of the inlet air
are denoted as ṁ1,in, P1,in, T1,in, and ˚1,in, respectively. Those of the
outlet air are denoted as ṁ1,out, P1,out, T1,out, and ˚1,out. Similarly,
for Control Volume 2, the mass flow rate, pressure, temperature,
and RH of the cooling water are denoted as ṁ2,in, P2,in, T2,in and
˚2,in, respectively. Those of the outlet cooling water are denoted as
ṁ2,out, P2,out, T2,out and ˚2,out. Between Control Volumes 1 and 2,
the amounts of vapor and heat transfer are denoted as m1,v,tr and
Q1, respectively. The dry air and the cooling water are assumed to
flow in either a parallel or a counter flow pattern.

The energy equation for Control Volume 1 can be expressed as
[9]∑

(ṁ1u1 + m1u̇1) = Q̇1 +
∑

(ṁ1,inh1,in) + (ṁ1,v,trh1,v,tr)

−
∑

(ṁ1,outh1,out) (1)

where

ṁ1 = ṁ1,in − ṁ1,out (2)

u1 =
∫

Cv 1Ṫ1,out (3)

∫
˙
h1,in = Cp 1,inT1,in (4)

h1,out =
∫

Cp 1,outṪ1,out (5)

h1,v,tr =
∫

Cp vṪmem (6)

Cv 1 is the specific heat of gas with a constant volume, Cp 1,in, Cp 1,out
and Cp v are the specific heat of the inlet, outlet and transferred gas
with a constant pressure. Tmem represents the temperature of the
membrane.

The energy equation for Control Volume 2 can be expressed in
the same way, except that the heat and vapor transfer terms Q̇1
and ṁ1,v,tr should have negative signs in the right hand side of the
equation. This is due to the model assumption that the heat and
mass transfer is always from Control Volume 2 to Control Volume
1.

The heat transfer rate Q̇1 between the two control volumes can
be obtained as [10]

Q̇1 = UA�T2/1 (7)
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less steel shell as shown in Fig. 3. The dry gas flowed inside
the membrane tubes, while the water counter-flowed between
D. Chen et al. / Journal of Po

where U is the coefficient of heat transfer, A is the area of the mem-
brane, and �T2/1 is the temperature difference between the two
channels.

The membrane vapor transfer rate ṁ1,v,tr between the control
volumes is calculated as [11,12]

ṁ1,v,tr = Dw
C2 − C1

tm
GvA (8)

where Dw is the membrane vapor transfer coefficient, Gv is the
vapor molar mass, tm is the thickness of the membrane, and C1 and
C2 are the volumetric concentrations of the membrane matrix in
contact with air and water, respectively. C1 and C2 can be calculated
as

C1 = �m,dry

Mm,dry
�1 (9)

C2 = �m,dry

Mm,dry
�2 (10)

In the above equations �m,dry is the membrane dry density,
Mm,dry is the membrane dry equivalent weight, and �1 and �2 are
the water contents per side chain of the membrane.

The water content at the air side �1 can be obtained as [11,12]

�1 = (0.043 + 17.81a1 − 39.85a2
1 + 36.0a3

1) (11)

where a1 is defined as

a1 = P1,v

P1,sat
= ˚1,out (12)

It is easy to recognize that a1 in Eq. (12) is the relative humidity
of the outlet air ˚1,out, P1,v is the vapor partial pressure of Control
Volume 1, which can be obtained from the ideal gas law. P1,sat is the
saturation pressure of Control Volume 1, which can be obtained as
[13]

log10(P1,sat) = −1.69 · 10−10T4
1,out + 3.85 · 10−7T3

1,out

− 3.39 · 10−4T2
1,out + 0.143T1,out − 20.92 (13)

It should be noted that Eq. (11) was experimentally obtained
for Nafion membrane N117, which is the type of membrane used
in this study. It is by no means universally applicable to all fuel
cell membranes. For other types of membranes, this relationship
needs to be determined before it can be used in the membrane
humidification model.

According to Schroeder’s paradox [14], the water content at the
water channel side �2 could be any value between 14 and 22 for

a Nafion membrane. It is 14 when the membrane is in equilibrium
with saturated vapor and 22 when the membrane is in equilibrium
with liquid water. In our study, the membrane water content is
in between the above two conditions. Therefore, a suitable water
content value �2 will be determined based on experimental data.

The vapor transfer coefficient Dw in Eq. (8) can be determined
using the following equation [11]

Dw = D�eEo(1/303−1/T) (14)

where T is the membrane temperature, Eo is associated with the
water molecule activation energy, and D� has a piecewise-linear
form [11,12]

D� =

⎧⎪⎨
⎪⎩

10−1 �m < 2
10−6(1 + 2(�m − 2)) 2 ≤ �m ≤ 3
10−6(3 − 1.67(�m − 3)) 3 < �m < 4.5
1.25 × 10−6 �m ≥ 4.5

(15)

In the above equation �m is the membrane water content and
can be defined as

�m = 0.043 + 17.81am − 39.85a2
m + 36.0a3

m (16)
Fig. 3. Perma Pure water to gas humidifier.

Table 1
Perma Pure humidifier specification

Nafion tube ID 1.32 mm
Nafion tube OD 1.6 mm
Nafion tube length 610 mm
Number of tubes 60
Stainless steel shell ID 25 mm
Stainless steel length 610 mm

where am is the membrane RH and can be determined as

am = ˚1 + ˚2

2
(17)

˚1 and ˚2 are the relative humidity of Control Volume 1 and Con-
trol Volume 2.

The water activation energy Eo in Eq. (14) was chosen to be 2416
in the Spring model [11]. This value was as determined by Yeo and
Eisenberg [15] for a steady-state equilibrium condition within a
local membrane area. In our study, however, the membrane humid-
ifier operates in a dynamic condition. There could be other factors
involved in the mass transfer process, such as the variation along
the channel and the transport resistance in the boundary layer.
Therefore, the value of Eo will also be determined based on the
experimental data in this study.

3. Experimental

A Nafion membrane humidifier, Perma Pure®1 model PH-
60T-24SS, was used in this study to examine the membrane
humidification behavior and to verify the thermodynamic model.
The humidifier had 60 Nafion membrane tubes installed in a stain-
the membrane tubes and the stainless steel shell. The humidifier
dimensions are listed in Table 1. The thermodynamic model devel-
oped based on the geometry shown in Fig. 1 can be applied to the
tubular membrane humidifier by substituting the corresponding
parameters into the model. For instance, the flat membrane area is
replaced by the cylindrical tube area. The heat transfer coefficient
is the same since both structures have the same hydraulic diameter.

Fig. 4 shows a schematic of the experimental setup. It has two
paths, one for air and the other for water. In the air path, the
compressed air first went through an air filter to remove any con-
tamination. It was then regulated with a flow controller (OMEGA
Engineering, FMA-2609A-NIST) before going through a heating
chamber (OMEGA Engineering, AHPF-121). The air subsequently
went through the Nafion membrane tubes to be humidified and in
the end exited to the atmosphere. In the water path, distilled water
from a water tank was fed into the gap between the membrane
tubes and the stainless steel shell. A heating pad wrapping around
the outside of the stainless steel shell was used to control the water

1 Perma Pure® is a registered trademark of Perma Pure, Inc.
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T: tem
Fig. 4. A schematic of the experimental setup

temperature. The water channel pressure was adjusted by chang-
ing the water tank location, Dimension H, as shown in the figure.
Two pressure transducers (OMEGA Engineering, PX41T0-100G5V)
and two thermocouples (OMEGA Engineering, TMTSS-062G-6 and
SA1-T) were installed at the inlet and the outlet of the humidifier to
measure the corresponding pressures and temperatures. An inte-
grated humidity and temperature sensor (VAISALA, HMP238) was
connected to the outlet of the humidifier to measure the relative
humidity and temperature of the outlet air. A computer data acqui-
sition system (NATIONAL INSTRUMENTS, PCI-6024E and SC-2345)
were used to record all the sensor readings, as well as to control the
air flow rate through the OMEGA flow controller.

Both steady-state and dynamic tests were conducted in the
study. The steady-state tests were used to examine the effects of
air flow rate, inlet air temperature, water channel temperature,
and water channel pressure. Although the relative humidity of

the outlet air was directly measured, the response variable of the
steady-state test was chosen to be the membrane vapor transfer
rate. This is because that the relative humidity is a function of
both the vapor transfer rate and the air temperature. In the steady-
state test, we are more interested in the mass transfer rate of water
molecules as affected by the humidifier conditions. Therefore, we
compare the membrane vapor transfer rate instead of the air outlet
relative humidity.

The experimental conditions for the steady-state tests are listed
in Table 2. To determine the effects of air flow rate, the air temper-
atures was set at 24 and 27 ◦C, the water temperature at 19 ◦C, the
water pressure at 0 cm H2O, and the air flow rate varied from 0 to
50 slm. To determine the effects of the inlet air temperature, the
water flow temperature was set at 17 ◦C, the air flow rate at 50 slm,
the water pressure at 0 cm H2O, and the inlet air temperature var-
ied from 20 to 40 ◦C. To determine the effects of the water channel
temperature, the air temperature was set at 22 ◦C, the air flow rate
at 50 slm, the water channel pressure at 0 cm H2O, and the water
channel temperature varied from 10 to 40 ◦C. Finally, to determine
the effects of the water channel pressure, the air temperature was
set at 22 ◦C, the air flow rate at 50 slm, the water temperature at

Table 2
Experimental conditions for the steady-state test

Studied effect Air temperature (◦C) Water temperatu

Air flow rate 24, 27 19
Air temperature 20–40 17
Water temperature 22 10–40
Water pressure 22 17
perature, P: pressure, RH: relative humidity.

17 ◦C, and the water channel pressure varied from 0 to 71 cm and
135 cm H2O.

The dynamic test was conducted with a varying inlet air flow
rate. In the automotive fuel cell application, while other variables
may be slow changing, the air flow rate can change rapidly as cur-
rent demand from the fuel cell changes. The dynamic response
of the humidifier is thus very important to the performance of
fuel cells, especially for the automotive application. In this study,
the dynamic response of the membrane humidification was exam-
ined by setting the air temperature at the ambient temperature
(24–27 ◦C), water temperature at 19 ◦C, water pressure at 0 cm H2O,
and varying the air flow rate from 10 to 40 slm. Relative humid-
ity is used as the response variable to compare with the model
predictions.
4. Results and discussion

4.1. Steady-state results

In the experimental study the following signals were recorded
over time: the inlet air temperature T1,in, the inlet air pressure P1,in,
the inlet air flow rate ṁ1,in, the outlet air RH ˚1,out, the outlet air
temperature T1,out, the outlet air pressure P1,out, and the water tem-
perature T2,out. Based on the recorded values, the membrane vapor
transfer rate was computed as [10]

ṁ1,v,tr = �aωa,outṁ1,in (18)

where

ωa,out = GvP1,sat˚1,out

GaP1,v
(19)

�a is the air density (1.2 kg m−3), Gv is the vapor molar mass
(0.01802 kg mol−1), Ga is air molar mass (0.029 kg mol−1), P1,sat is
the vapor saturation pressure that can be calculated using Eq. (13),
and P1,v is the partial vapor pressure of the air channel and can be
calculated using the ideal gas law.

re (◦C) Water pressure (cm H2O) Air flow rate (slm)

0 0–50
0 50
0 50
0, 71, 135 50
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temperature. The vapor transfer rate increased by about 50% when
the water temperature increased from 22 to 36 ◦C, while it only
Fig. 5. Air flow rate effect on membrane vapor transfer rate.

Fig. 5 shows the steady-state test results of air flow rate effects. It
can be seen that the membrane vapor transfer rate is proportional
to the air flow rate. The faster the air flow is, the higher the vapor
transfer rate will be. When the air moves faster through the channel,
there is a less chance for it to get fully humidified; therefore, the

water vapor gradient across the membrane remains high at a high
air flow rate. As a result, more water molecules will pass across the
membrane from the water side to the air side at any given time.

The test result of the inlet air temperature effect is shown in
Fig. 6. It can be seen that the water vapor transfer rate increases
almost linearly with the inlet air temperature. The reason is
two-fold. First, an increasing inlet air temperature will cause the
membrane temperature to increase. It has been found that the
higher the membrane temperature, the higher the membrane vapor
transfer coefficient [11]. Thus, more vapor will pass through the
membrane at a higher temperature. Second, an increasing inlet
air temperature will increase the air channel temperature, which
according to Eq. (13) will in turn increase the vapor saturation
pressure of the air channel. From Eq. (12), the higher the vapor satu-
ration pressure, the lower the relative humidity in the air channel.
The water concentration C1 in Eq. (8) is a monotonic function of
the air channel relative humidity. As a result, the water concentra-
tion gradient across the membrane becomes larger and more vapor
molecules will pass through the membrane.

Fig. 6. Inlet air temperature effect on membrane vapor transfer rate.
Fig. 7. Water channel temperature effect on membrane vapor transfer rate.

In addition to the inlet air temperature, the water channel
temperature also affects the membrane vapor transfer rate. The
test result of a varying water temperature is shown in Fig. 7. As
can be seen, the membrane vapor transfer rate increases more
significantly with the water temperature as compared to the air
increased by 20% when the inlet air temperature had the same
increase. This is due to the fact that the heat capacity of water is
higher than that of air with the same temperature difference. As a
result, the membrane is heated faster by water than by air.

The effect of water channel pressure is shown in Fig. 8. Three
water channel pressures were tested. They were 0, 71, and 135 cm
H2O, corresponding to 0, 1 and 2 psi. It can be seen that the mem-
brane vapor transfer rate increased only slightly over the range of
the pressure change. This increase may not be statistically signifi-
cant, as can be seen from the figure that the measurement error is
almost comparable with the vapor transfer rate increase. Therefore,
the effect of water channel pressure is neglected in this study.

4.2. Dynamic results

The dynamic test results of the air flow rate effects are shown
in Fig. 9. It can be seen that the relative humidity of the outlet air
increases as the inlet air flow rate steps down from 40 to 10 slm.
The amount of this RH increase, however, is not the same at each

Fig. 8. Water channel pressure effect on membrane vapor transfer rate.
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energy would have been higher if they used the data with a higher
membrane RH (>50%). In this study the membrane was sandwiched
between water and vapor and the membrane had high RH (>80%).
In addition, the water was mostly in the liquid phase. As such extra
energy may be required to vaporize the water before the vapor was
driven through the membrane.

Substituting the values of the above two parameters, Eq. (8)
becomes

ṁ1,v,tr = Dw(15.6 − �1)
�m,dry

Mm,dry

GvA

tm
(20)

and Eq. (14) becomes

Dw = D�e7378(1/303−1/T) (21)

After the parameters were determined, new tests were con-
ducted to validate the model. These new tests were conducted at air
flow rate and water temperature conditions other than those used
to determine the model parameters. Both steady-state and dynamic
predictions were validated. The result of the steady-state validation
is shown in Fig. 11. It compares the model-predicted vapor trans-
466 D. Chen et al. / Journal of Po

Fig. 9. Dynamic RH response as a function of varying air flow rate.

step-down. For example, when the inlet air flow rate reduced from
40 to 30 slm the RH increased by about 1%. When the flow rate
reduced from 20 to 10 slm the RH increased by about 3%. Related to
this difference is the response time difference at different air flow
rates. It takes longer for the RH to reach the steady-state values
when the air flow rate is lower.

Another important phenomenon observed in Fig. 9 is the initial
reverse response of the relative humidity. When the air flow rate is
changed from one level to another, the RH response does not imme-
diately follow the steady-state trend. Instead, it goes toward the
opposite direction first and then returns to the normal trend. In con-
trols theory, this phenomenon is referred to as the non-minimum
phase (NMP) behavior. It is often caused by the response time mis-
match of two or more dynamic processes that involved in a system
[16]. For the membrane humidification system in this study, the
NMP behavior is caused by the lag of vapor transfer rate in Con-
trol Volume 1 comparing to the heat transfer rate between the two
control volumes [17]. A non-minimum phase system presents a
significant challenge for control design. To deal with this kind of
systems, a predictive system model is usually required.

4.3. Model validation

The membrane humidifier model is validated both for the
water vapor transfer rate and the non-minimum-phase behavior.
The fundamental parameter in membrane humidification is the

vapor transfer coefficient, which determines how fast the water
molecules transfer through a membrane under certain conditions.
The water vapor transfer coefficient for Nafion membrane has been
determined in a series of well-known studies by Zawodzinski et al.
[18–20] and widely used in fuel cell models. However, in previous
studies the membrane was sandwiched between two gas chambers.
Their test was conducted under steady-state equilibrium condi-
tions. In our research the membrane was in contact with liquid
water and exposed to a dynamic flow field. Our focus is to develop
a lumped model that can be used for automatic control purposes.
Therefore, the membrane vapor transfer rate in Eq. (8) used in this
research is different from the Springer model. The parameters used
to determine the membrane vapor transfer rate including �2 and
Eo need to be estimated based on the experimental data in this
research.

Fig. 10 shows the experimental data and a fitted empirical model
of the membrane vapor transfer coefficient. The parameters �2 and
Eo were determined to be 15.6 and 7378, respectively. The fact that
�2 is 15.6 indicates that the membrane is under a transitional condi-
tion between being fully saturated with vapor and liquid water. It
is interesting that Eo takes on a much higher value than the Yeo
Fig. 10. Membrane vapor transfer coefficient as a function of temperature.

and Eisenberg water activation energy [15] that was use in the
Springer model. This may be due to the fact that Yeo and Eisenberg
used the data at low membrane RH (0–50%) in their experiment to
obtain the activation energy and the water was mostly in the vapor
phase. The Yeo and Eisenberg study also showed that the activation
fer rates with those obtained from the new experimental data. The

Fig. 11. Steady-state validation results. Experiments conducted at 50 slm air flow
rate, room temperature for the inlet air, and water temperature varying from 14 to
35 ◦C.
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Fig. 12. Dynamic validation results. Air flow rate: 40–10 slm with 10 slm step-
downs; air inlet temperature: 26 ◦C; water temperature: 19 ◦C.

results show that the model prediction is in good agreement with
the new test data over a range of temperatures. Tests were also
conducted to verify the dynamic behavior revealed in the simula-
tion results. The comparison between the model predictions and
the experimental results under the dynamic condition is shown in
Fig. 12. In the dynamic test the air flow rate decreased from 40 to
10 slm with a step of 10 slm, the air temperature was 26 ◦C and the
water temperature was 19 ◦C. The model predictions match the test
results closely, for both the NMP behavior and the step changes
of RH. Nevertheless, the figure shows that the model predicts a

stronger NMP characteristic than the test results. This is due to the
slow dynamics of the RH sensor. According to the manufacturer
specification, the Vaisala HMP238 sensor has a 15 s response delay.
This delay causes the sensor to act effectively as a low pass filter,
which will attenuate the non-minimum phase behavior of the RH
signals.

5. Conclusions

This paper presented an experimental study of a membrane
humidifier and the validation of a thermodynamic humidifica-
tion model for PEM fuel cell humidity control. Both steady-state
and dynamic tests were conducted in controlled experiments. The
steady-state test results show that the membrane vapor transfer
rate increases with the temperatures of the inlet air and water
and decreases with the air flow rate. The water channel pressure
has little effect on the membrane vapor transfer rate and thus can
be neglected. A non-minimum phase behavior is observed in the
dynamic tests. It is caused by the response time mismatch in the
membrane humidification system. Based on the test results a new
vapor transfer coefficient of Nafion membrane is obtained for dry

[

[

[

[

[

[

[

[

urces 180 (2008) 461–467 467

air humidification by liquid water. This vapor transfer coefficient
has a characteristic of exponentially increase with temperature.
The thermodynamic humidifier model is validated using both the
steady-state and dynamic test data. The validated model provides
an important tool for external humidifier design and fuel cell
humidification control.
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